e degradation of natural rocks due to severe environmental conditions can influence their durability over an extended period of time. is research aims to investigate the long-term durability or disintegration rate of rocks used as construction materials under severe climatic conditions using frost damage action, and the deterioration rate was assessed using mathematical decay function approach. e mathematical model assumes an initial order operation and gives purposeful properties for the deterioration rate of rocks due to frost action. For this reason, six different limestone types used as building materials were quarried from limestone mine in China and subjected to a series of laboratory tests to determine the mineralogical, petrographical, physical, and mechanical characteristics. en, 50 cycles of frost damage process was performed, and after each 10 cycles, the unconfined compressive strength, point load strength, and Schmidt rebound were determined. e disintegration rate or integrity loss characteristics of each rock type were assessed using the mathematical decay function approach parameters. is approach proved that the disintegration rate varies for the rocks of the same type especially which were extracted from the same areas, the rock durability under frost damage conditions can be estimated with good accuracy, the parameters of this model saved a lot of time and provided important practical features to assess a rapid durability, and hence, there is no need to carry out the frost damage test which is slow and consumes time.
Introduction
Natural rocks have commonly been used as building stones and construction materials in many engineering projects [1] especially in historical monuments and modern buildings from past until present times [2] . Natural stones and marbles have widely been used as building or decorative materials in outdoor applications such as cladding the outsides of buildings walls and for structural applications (paves, columns, and floors) [3] . e rock durability is defined as its resistance to environmental conditions over an extended period of time. e artificial weathering processes play an important role in influencing the characteristics of rock materials [4] . Frost-induced action has been viewed as an important weathering test and one of the first ones that historically was used to determine the efficiency of building and construction materials. In addition, the rock breakage or deterioration due to artificial weathering processes is very significant in many engineering applications, such as railways, roads, and in cold areas [5, 6] .
Frost action is one of the most powerful natural degradation processes for natural rocks [7] in which building stones experience frost-weathering cycles when they are used in the moist environmental conditions in which the temperature repeatedly changes up and below freezing point of water [8] . When water turns into ice, it expands in volume by about 9%; hence, it will generate increased pressure inside the pores. When the stress exceeds than the rock tensile strength, new microcracks or fissures are formed and the present ones are widened and deepened; therefore, these fluctuations can influence the rock mechanical characteristics, and thus, the durability of the stone becomes limited [9] . Frost-weathering cycles can cause rapid variations in physical and mechanical parameters; as a result, the rock durability is influenced [10, 11] . erefore, it is required to identify the disintegration rate of natural rocks under frostweathering conditions.
Many studies have investigated the durability, in addition the physical and mechanical parameters of different rocks against frost-weathering action [12] [13] [14] [15] [16] [17] [18] [19] [20] . Jamshidi et al. [12] , Di Benedetto et al. [13] , and Vázquez et al. [14] used some criteria according to physical-mechanical properties of building stones as durability estimators. Bayram [15] proposed a statistical model to assess the rate of decrease values in unconfined compressive strength. Karaca et al. [16] experimentally investigated the Böhme abrasion and widewheel abrasion parameters before and after frost-weathering tests. ey proposed the statistical models for the results of abrasion test before and after frost cycles. Tan et al. [17] studied the degradation in the mechanical parameters of granite as a function of freezing-thawing weathering processes by triaxial and uniaxial compression tests. Takarli et al. [10] studied the influence of frost-weathering cycles on microstructure in saturated granitic rocks by testing compression pulse velocity and permeability. ey postulated that compressional pulse velocity measurement could provide an assessment of total degradation and the permeability test could give an evaluation of specific decay depending on porous network changes in rocks. Yavuz et al. [18] postulated a model equation for predicting the index parameters of carbonate rocks against frost cycles. is equation indicates reduction in the index parameter of a deteriorated rock according to its initial parameter and porosity of rock with the coefficients for a special index parameter. Sousa et al. [19] derived an empirical formula to relate rock strength to porosity for granitic rock samples. Mutlutürk et al. [20] proposed a decay function model characterizing the longterm durability using only the physical property (shore hardness) of natural rocks due to frost action, and it provided different meaningful factors for rock durability. In spite of most of the previous researches, different methods of the influences of frost-weathering process on the rocks have been studied for many times; however, the numerical modeling methods are not enough to estimate the deterioration rate of rocks used as building stones and construction materials under frost-weathering conditions [15, 18, 20] .
e main objectives of this study are to (1) investigate the long-term durability of different limestone types used as building stones and construction materials subject to severe environmental conditions by using frost damage process; (2) estimate the integrity loss or deterioration rate of rocks depending on the mathematical decay function approach using unconfined compressive strength, point load strength, and Schmidt hammer rebound; and (3) determine whether the different rocks of the same type can provide sufficient information according to their durability under frost damage condition action or not.
Materials and Methods

Materials Used Description.
In this study, six different limestone types were taken out from various layers of limestone rock mine near Jingzhou, Songzi, Hubei, China ( Figure 1 ). All these studied rocks are commonly commercialized as building stones and construction materials. e rock cores were taken out from large blocks with dimensions of 40 × 40 × 30 cm and prepared in a cylindrical shape with a diameter of 50 mm ( Figure 2 ) with a total of 110 samples being obtained. e selection of these specimens was free from any defects such as cracks or fractures, bedding planes, and deterioration to avoid the impact of anisotropy on the measurement. e mineral composition and microstructure features of the studied rock samples were determined using a polarized microscope. Two series of rock specimens were prepared in this research; one set of these specimens was used to determine the initial physicomechanical characteristics including dry and saturated bulk density; water absorption; effective porosity; unconfined compressive index strength; point load strength; and Schmidt hammer rebound before frost damage cycles. e second set of the studied rock specimens was subjected to 50 cycles of frost damage to determine the mechanical strength parameters including unconfined compressive strength, point load strength, and Schmidt hammer rebound. Finally, their long-term durability or deterioration rate due to frost damage conditions was estimated according to the mathematical decay function model.
Petrographic Analysis.
Determining the petrographic features provides enough information on the mineral composition and provenance of origin of natural rock; in addition, it is considered as a significant tool for estimating the durability of rocks and resistance due to deterioration or weathering agents. In this study, the polarized microscope was used to identify the microstructure characteristics of the specimens ( Figure 3 ). As shown in Figure 3 , the microstructure features of limestone type 1 is fine grained, composed mainly of calcite as major mineral constituent associated with some rare amounts of opaque minerals. Calcite presents as a fine euhedral crystal; limestone type 2 is fine to medium grain, composed mainly of calcite as essential component and represented the cement of the rock with rare amounts of opaque minerals. Calcite presents as fine to medium euhedral interlocked crystals; limestone type 3 is fine to medium grain, consisting mainly of calcite as major mineral constituent associated with some accessory minerals such as hydromagnesite and talc less than 6%. Talc occurs as medium anhedral grain outlines in the matrix of calcite; limestone type 4 is fine grained, composed mainly of calcite as main mineral constituent associated with some rare amounts of quartz mineral and talc minerals less than 5%. Quartz occurs as fine to medium grains. Talc occurs as fine anhedral grained texture. Very fine fossils were observed in this rock; limestone type 5 is fine grained, consisting mainly of calcite as main mineral constituent associated with some rare amounts of opaque minerals. Some parts of the rock are coated by traces of iron oxide; and finally limestone type 6 is medium to coarse grain, composed mainly of calcite as major mineral constituent and represented the cement of the rock associated with some traces of opaque and talc minerals less than 10%. Talc occurs as coarse euhedral grains of subangular to subrounded outlines in the matrix of calcite. Few pores and fossils were detected in this rock. e petrographical analysis was carried out at the Key Laboratory of Mineral Resources Processing and Environment of Hubei Province, Luoshi Road 122, Wuhan, Hubei 430070, China.
Physical Characteristics.
e physical parameters of the rock samples were applied according to the test methods outlined by ASTM [21] and ISRM [22] , and they are determined using the saturation technique. Absorption of water is a significant parameter in determining the durability of natural rocks used as building and construction materials [23] . e presence of water strongly influences rock characteristics [24] . For this reason, the saturated mass (m sat ), the oven-dried mass (m dry ), and bulk volume (V) of rock samples were determined and then the bulk density (ρ b ), effective porosity (n e ), and water absorption (W abs ) of rock samples were obtained using equations (1)-(3), respectively:
where ρ w is the water density. For each type of rock samples, at least five samples were prepared and tested for determining the mentioned physical properties, and then their average values were determined. e mean initial physical properties of the studied rock samples (fresh) are summarized in Table 1 .
Frost Damage Test.
Frost-weathering process seeks to reproduce the pressures, which may originate within the stone when water turns into ice. ese influences are determined by changing the temperature below and above the freezing point of water in the specimens containing a known quantity of water [25] . To determine the durability and simulate the impact of frost action on the physical and mechanical parameters of the tested rock specimens under study, frostweathering process was performed according to the procedures proposed by DL/T 5368 National Development and Reform Commission of the People's Republic of China [26] . According to Ruedrich et al. [7] , a clear deterioration of stones used as building and construction materials cannot be identified in most cases not less than 50 cycles of weathering process have been done. In this study, 50 cycles of frost damage process were carried out on saturated rock samples including 4 hr freezing duration in air after temperature of the test chamber reaching − 20°C, followed by 4 hr thawing duration in distilled water at +20°C. Each frost-weathering cycle requires 8 hr period to get completed. Rock samples after frost-weathering cycles were kept underwater until loaded in mechanical tests, but in physical properties, they were preserved for a short time. In other words, the rock specimens against frost-weathering cycles remained almost saturated. Two series of the studied samples were prepared for each rock type to determine their unconfined compressive strength, point load index strength, and Schmidt hammer rebound before and after frost-weathering cycles. e first series of rock samples were used for determining their initial properties (fresh samples), and the second series were subjected to frost-weathering cycles. After frost cycles, no visible cracks or fissures occurred in the samples; however, there is slight loss of weight less than 0.2%. After every 10 cycles of frost weathering, for mechanical properties including unconfined compressive strength, point load strength, and Schmidt hammer rebound, the measurements were made on five specimens under saturation conditions. [27, 28] . e uniaxial compressive strength of rocks subjected to the frost process is a significant index to select stones used as building elements and evaluate the stability of rock engineering in cold areas [15, 29] . Also, it provides useful information for rock durability assessment during weathering processes. e unconfined compression test performed on cylindrical specimens with the ratio between length and diameter is about 2 according to methods proposed by standard ISRM [22] and NF EN 1926 [30] . In this study, a TAW-2000 microcomputer electrohydraulic servo-controlled system was applied. e maximum loading capacity is 2000 kN, and the stress rate is between 0.1 and [33] . In this study, A HT60 digital rebound hammer having impact energy of 2.207 Nm was applied. e testing side surfaces of large block specimens were smooth and clean. e Schmidt hammer device was held vertically downward position. In total, sixteen individual impacts were performed on any rock specimen, and the impact rebound values were recorded; each test location was separated by at least a plunger diameter. Finally, the average values were recorded. e mean and standard deviation (SD) for unconfined compressive strength (UCS), point load index strength (Is (50)), and Schmidt hammer rebound hardness (Sch) values of studied rock samples before and after frost-weathering cycles are given in Tables 2-4, respectively. 2.6. Mathematical Modelling 2.6.1. Decay Function Model. After frost damage process, the deterioration rate of the studied rock specimens was assessed by the mathematical decay function approach. Although artificial weathering processes in long-term durability evaluation is widely used, numerical modeling methods are not enough to assess the results determined from the studies [20, 34, 35] . erefore, Mutlutürk et al. [20] postulated a mathematical decay function approach using a decay constant (λ) and half-life (N 1/2 ) parameters to express the deterioration rate (integrity loss) of different rock samples after frost and heating-cooling weathering tests. e mathematical model proposes that the disintegration or integrity loss rate against the impacts of different artificial weathering agents is proportional to integrity of rock at the beginning of each cycle through the artificial weathering processes:
where (dI/dN) is the rate of disintegration, λ is the decay constant, I is the integrity of rock, and N is the cycle number. e minus sign in formula (4) shows the integrity decrease of a rock. By integrating this formula, between the major rock integrity (I 0 ) and the integrity after N cycles (I N ), a formula in logarithmic form is determined as
is relation can be expressed in the exponential form as follows:
e term e − λN is the decay factor, which shows the proportion of the remaining integrity after N cycles, i.e., (I N /I 0 ). Also, the decay constant (λ) shows the average relative loss of integrity by the work of any single cycle, and it can be used as a measure of long-term rock durability; the half-life (N 1/2 ) of the rock refers to the number of cycles necessary to decrease the integrity of rock to its half value. is parameter of durability is inversely related to the decay factor and is defined by replacing (I 0 /2) with I N in equation (5), and the half-life is obtained as shown below:
A simple regression analysis is used to obtain the decay constant (λ). Figure 4 shows that the loss of integrity of a parameter is determined in an exponential form [35] .
As shown in Figure 4 , the decay constant is inversely related to the integrity pattern. A sudden reduction in the integrity of a parameter (in this research, unconfined compressive strength, point load index strength, and Schmidt rebound) shows relatively high values of the decay constant and a rapid degradation rate (integrity decrease). e values of the decay constant (λ) obtained from unconfined compressive strength, point load index strength, and Schmidt rebound of the different rock samples due to frost-weathering conditions are presented in Figures 5(a) -5(f ), and the half-life (N 1/2 ) values calculated from equation (7) for unconfined compressive strength, point load strength, and Schmidt hammer rebound of each rock sample are presented in Tables 5-7, respectively. Johnson and Wichern [36] indicated that the degree of fit to a curve can be obtained by the coefficient of correlation value (R), which measures the proportion of difference in the dependent variable. e high values of coefficient of correlation, presented in Tables 5-7, indicate that the proposed model fits the data well and are qualified to estimate the mechanical parameters of the studied rock specimens after any frost damage cycle.
Discussion
e deterioration rate or integrity loss of each rock type due to frost damage action was assessed using a mathematical decay function approach parameters including the decay constant (λ) and half-life (N 1/2 ).
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Decay Constant (λ).
e values of the decay constant for each studied rock type are given in Tables 5− 7. e results indicate that the rocks of the same type do not give perfect information according to their durability under frostweathering conditions. For instance, one of the highest durable rock specimens (limestone type 1) and also one of the least durable rock specimens (limestone type 6) under frost-weathering test (i.e., having the lowest and highest decay constant, λ � − 0.002 and − 0.007, respectively) (Table 5) are of the same type of rock. Indeed, limestone type 1 Advances in Materials Science and Engineering losses only 0.2% of its unconfined compressive strength value, on average, after one frost-weathering cycle, whereas limestone type 6 losses 0.7%. Consequently, the integrity loss rate (disintegration rate) of limestone type 6 is 3.5 times more than that of limestone type 1. On the contrary, some of the rock samples have same durability due to frost-weathering action. For example, limestone type 2, limestone type 4, and limestone type 5 have the same rate of integrity loss, 0.3% (i.e., λ � − 0.003) (Table 6) , however, indicating different physicomechanical characteristics. (N 1/2 ) . When considering the rock deterioration against recurrent frost-weathering cycles, its decay constant may refer to the rate of disintegration. But, within the state of durability of rock, the half-life, which is inversely proportional to the decay constant, is more important. Furthermore, it estimates how many cycles are required to decrease mechanical parameters to their half value; rocks that are capable to resist the frost-weathering process have higher values of half-life [37] . e values of the half-life (N 1/2 ) for the studied rock samples are presented in Tables 5− 7 and graphically indicated in Figures 6(a) -6(c). As can be seen from Table 5 and Table 7 and Figure 6 (c), depending on Schmidt hammer rebound, the rock samples of limestone type 1, limestone type 2, and limestone type 4 have the longest half-life (693 cycles), while it is the shortest for limestone type 3, limestone type 5, and limestone type 6 (346.5 cycles). It is significant to observe that the half-life values of all the studied rocks based on Schmidt hammer rebound are higher than those with respect to unconfined compressive strength and point load index strength. Moreover, there is no noticeable relation between mechanical strength parameters and half-life values, where we found that some of the studied rocks have the same halflife values, however indicating different petrographic, physical, and mechanical characteristics. As mentioned previously, the durability parameter of half-life is inversely proportional to the decay factor, and their explanation should give similar conclusion. erefore, the values of the half-life determined from the mathematical decay function approach can be used to estimate the deterioration rate of studied rock specimens under artificial frost damage conditions, using unconfined compressive strength, point load index strength, and Schmidt rebound.
Half-Life
In this study, the obtained values of the decay constant and half-life were compared to the previous studies ( Table 8 ). It is observed that there is important difference between the results of this research and other previous studies. Indeed, rocks with respect to the same origin can display a clear various durability under frost-weathering conditions in some cases. erefore, the type of rock itself cannot give sufficient information regarding the durability of rock specimens due to frost-weathering action. For example, limestone sample types 4 and 5 ( Figure 6 ) have different values of half-life based on unconfined compressive strength and Schmidt hammer rebound, and this is due to difference in microstructure features (Figure 3 ) and physico-mechanical properties. On the contrary, the same types of these samples have the same half-life values according to the point load index strength. Hence, the type of rock alone does not give clue for the half-life of stones used as construction materials under frost action. e results are consistence with the findings of Eren and Bahali [38] and Mutlutürk et al. [20] . Eren and Bahali [38] determined the decrease in weight of two different types of limestone specimens after frostweathering test. ey observed that the rocks with regard to the same origin could display clearly different behaviours under frost-weathering action and this is due to difference in their porosity. Mutlutürk et al. [20] measured the shore hardness variations of some different rock types against frost-weathering cycles. ey indicated that the type of rock alone does not provide clue for the half-life of rocks used as building stones and construction materials under frost cycles.
Conclusions
In this work, the frost damage test up to 50 cycles was performed on six different limestone types used as building and construction materials to assess their long-term durability by the mathematical decay function approach. e model gives two important properties such as decay constant (λ) and half-life (N 1/2 ) to estimate the integrity loss or deterioration rate of rocks under frost damage conditions. erefore, these significant parameters save a lot of time and provide important practical features to assess fast long-term durability. e mathematical model showed response of all the studied different rock samples to frost-weathering process. e parameters of the decay function model obtained are in good accuracy to estimate the disintegration rate of studied rocks, and hence, there is no need to carry out the artificial frost-weathering test which is slow and consumes a lot of time, and this is suitable for rocks of the same type especially which were extracted from the same areas because of its near physical and mechanical characteristics. Some of studied rocks have the same half-life values but indicating different petrographical, physical, and mechanical characteristics, and hence, there is no clear relation between mechanical strength parameters and half-life values. In this work, we can also conclude that half-life has no purposeful pattern according to the type of rock. On the contrary, the rock type itself cannot give any index or clue for the longterm durability of rock samples used here under frost damage process. is model also confirmed that the disintegration rate was higher with unconfined compressive strength and point load index strength compared with that resulting from Schmidt rebound of studied rocks under frost damage conditions. is work has important progress on the durability properties of carbonate building materials such as limestone and innovates a paradigm for the next researches for the prediction of integrity loss or disintegration rate of the rocks due to frost damage process by using numerical modeling technique (mathematical decay function approach) which saves a lot of time, and hence, there is no need to carry out the frost test which is slow and consumes the time. However, to obtain more significant results in the prediction of the deterioration rate of natural rocks used as building stones and construction materials under frost damage process, the future studies should use different rock origins under different environmental conditions and establish another model with different tests.
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